Ž . y␦ s ␣ y ␤ q ␣ . 3 3 Making use of the periodicity condition, we find the eigenvalues and eigenvectors of L:
␣ s e , s sin y , and 
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With the above chosen constants, we can show that P y1 s P T . To prove this statement, it is sufficient to note that also routinely derived from vertical and horizontal microwave w x brightness temperatures. In 1992, Wentz 1 found small wind-direction signatures in SSMrI vertical and horizontal brightness temperatures, and during the 1990s, airborne measurements showed wind-direction signatures in the four Stokes w x elements 2᎐5 . In the near future, spaceborne polarimetric w x radiometers will be launched 6 .
Several approaches are found in the literature to compute the azimuthal emission signature of a rough surface: the Ž . w x two-scalersmall-perturbation model SPM 7 , the smallw x slope expansion 8, 9 , Monte Carlo simulations using geo-Ž . w x w x metric optics GO 10 , and the method of moments 11 . w x Irisov 8 showed that the SPM and the small-slope expansion method are identical. Strictly speaking, the SPM is accurate Ž at low frequencies, when k F 0.3 k: wavenumber, : rms . w x height , while GO is accurate at high frequencies 10 . Twoscale models are probably the most frequently used, and they w x rely on the choice of a proper cutoff wavenumber k 12 .
d w x This paper improves the analytical model by Stogryn 13 based on the Kirchhoff method under the stationary phase approximation to include skewness and peakedness effects, in addition to the asymmetry between upwind and cross-wind rms slopes.
This paper is divided into five sections. Section 2 reviews basic polarimetric radiometry concepts, and introduces the Stokes vector. Section 3 describes the model, discusses the effects of different upwind and cross-wind rms slopes, skewness, and peakedness terms, two foam models, and atmospheric effects. Section 4 presents model predictions at 37 GHz for different wind speeds and incidence angles. Finally, Section 5 presents the comparisons between model results and JPL᎐WINDRAD measurements.
REVIEW OF BASIC POLARIMETRIC RADIOMETRY CONCEPTS
The thermal emission from a surface bounding a semi-infinite Ž . volume at a constant temperature T , in the direction , , s w x is described by the Stokes vector 3 . in the direction of the wind , are related to its scattering w x properties by 3, 14 the scattered waves at m and p polarizations due to incident waves at n and q polarizations, respectively.
DESCRIPTION OF THE MODEL
Ž . The polarimetric bistatic scattering coefficients in Eq. 2 are w x derived following a procedure similar to Stogryn 13, 15 : tering and surface shadowing effects are not included. The validity of GO methods applied to the ocean surface depends on wind speed, observation angle, and frequency. For example, at 37 GHz, it can be applied for all wind speeds up to w x 24 mrs at s 30Њ, and up to about 9 mrs at s 60Њ 10 . 
Ž . Ž .

Skewness and Peakedness Effects.
Ž . Ž . dependence as cos is observed for ⌬T , and Ž . Ž . Ž . ⌬T , , and as sin for U , . Taking into account the h Ž . peakedness coefficients solid line introduces a minor change in the shape of the azimuthal dependence, and can be ne-Ž . glected in Eq. 3 .
Foam Co¨erage
Effects. Two foam coverage models have been analyzed in this study: a uniform-cover, polarizationw x w x insensitive model 16 , and a dynamic-foam model 10 with w x different vertical and horizontal foam emissivities 18 . No w x significant differences have been found 19 , and therefore the uniform model has been implemented for simplicity. Other sources of uncertainty in the modeling of sea foam w x have been reported. Monahan and Lu 20 have indicated that foam may appear at lower wind speeds, about 3᎐4 mrs, w x and Monahan and O'Muircheartaigh 21 have evidence that the whitecap coverage depends not only on wind speed, but Ž also on atmospheric stability ⌬T s T y T by "9% water atm . Ž for ⌬T s "1ЊC , water temperature T water viscosity water . changes with T , wind duration, fetch, and water salinity water Ž51% larger whitecap coverage on the sea than on fresh . water .
Atmospheric Effects.
Two main effects produced by the atmosphere have been reported in the literature: atmospheric Ž . stability ⌬T and attenuation. In addition to its impact on whitecap coverage, atmospheric stability affects the windspeed height profile, the mean wind speed at the surface, and the sea-scattering coefficients. Atmospheric attenuation produces a depolarization of the radiation reaching the radiometer, and a decrease of the amplitude of the harmonics of w x T , T , and U 22 . spheric q galactic q cosmic noise scattered from the ocean surface that is then measured by the radiometer. Assuming Ž . an azimuthally symmetric scatter-free atmosphere T s
where the subscripts AP, UP, DN, and sc indicate apparent, upwelling, downwelling, and scattered temperatures, respec-Ž . tively, and is the opacity of the atmosphere. The angular Ž . Ž . and frequency dependences in Eqs. 4 Fig. 2 . These effects will normally tend to compensate each other, reducing the magnitude of this Ž azimuthal signature, except when it is very small horizontal . polarization at ; 45Њ or low wind speeds
MODEL PREDICTIONS
The angular dependence of the Stokes elements can be expressed by T , and U of the ocean emission have been numericallÿ 2 2 computed at 37 GHz and w s 5, 10, and 15 mrs. Other parameters are 12ЊC sea-surface temperature and 36 psu sea-surface salinity. The amplitudes of the scattered downwelling atmospheric temperature have also been computed, and are plotted in Figure 2 for comparison. As commented on in Section 3, they are out of phase with their corresponding emission harmonics, thus reducing the total azimuthal signature. As can be appreciated, the first harmonic is zero at Ž . nadir s 0Њ , and its amplitude increases with the incidence angle, for which skewness effects are more noticeable. On the other hand, the second harmonic vanished around 40᎐50Њ incidence angle, depending on the wind speed. At these angles, and at low wind speeds, the first harmonic is also very small, and the azimuthal signature is dominated by the scattered downwelling atmospheric temperature.
COMPARISON WITH REPORTED EXPERIMENTAL DATA
Model predictions have been compared with reported JPL᎐WINDRAD measurements obtained in circular flights w x w x at a constant observation angle 4, p. 89 , 5, pp. 1181᎐1183 . To make the comparison more precise, because of the lack of information on the atmospheric conditions and the necessary corrections, WINDRAD measurements azimuthally averaged are compared to the apparent brightness temperature w Ž .x Eq. 4 computed using the present model, including ocean surface emission, scattered downwelling atmospheric temperature, upwelling atmospheric temperature, and atmospheric attenuation assuming a horizontally stratified clear atmo-Ž . sphere U.S. standard atmosphere and a flight altitude of 10 km. Results are shown in Figure 3 . At 37 GHz, the agreement between predicted T is better than 6.5 K for h,¨0
all conditions, except at s 65Њ horizontal polarization, which can be most probably attributed to atmospheric contributions not properly modeled. Figure 3 shows the azimuthal dependence of T , T , and Ü h Ž . with respect to the upwind direction s 0Њ , at observation angles s 45, 55, and 65Њ, f s 37 GHz, and w s 9 mrs. The agreement with JPL᎐WINDRAD measurements is quite good at s 55 and 65Њ, although the second harmonic of T and h T is a little bit underestimated at s 45Њ. Figure 4 shows the importance of atmospheric effects when the azimuthal dependence of the surface emission is small. The atmospheric contribution is shown for the horizontal brightness temperaw Ž .x ture at 37 GHz, w s 9 mrs, and s 45Њ Fig. 4 a , although it is not always as important as in these two exam-Ž . ples. As expected, T is usually much smaller than e , и sc¨T since the vertical reflection coefficient is lower. U, V s 0 of ocean surface emission. Ocean slopes are mod-Ž . eled by a Cox and Munk probability density function pdf , including upwindr cross-wind rms slopes, skewness, and peakedness terms. It is found that the asymmetry of upwindr cross-wind rms slopes is responsible for the azimuthal second harmonic of the Stokes vector, while skewness terms are responsible for the first azimuthal harmonic, and peakedness terms have a negligible impact. The main advantages of this approach are its simplicity and its independence of the choice of any particular tuning parameter. Simulation results compare favorably with JPL᎐WINDRAD measurements. The analysis has also demonstrated the importance of the polar- 
